The quartz crystal microbalance (QCM), which has high mass sensitivity (nanogram level), has a wide range of applications in biochemistry, analytical science and other fields. [1] [2] [3] In order to get more information in situ besides the frequency, it is a focus of research that QCM has to be combined with other techniques, for instance, electrochemistry (i.e. EQCM), FT-IR, UV-visible spectroscopy, ellipsometry, SECM, flow-injection etc. [4] [5] [6] [7] [8] [9] [10] The combination between the QCM and atomic force microscope (AFM) or STM is also an exciting idea. AFM and STM are powerful tools for surface analysis due to their high resolution. Especially, AFM (or STM) imaging biological molecule, such as DNA and protein, has become an active technique. But AFM or STM only provide the local information (for example, the distribution and morphology of single molecule and atoms), not the total result and the dynastic process of molecule adsorption. QCM can make up the default of AFM and STM, because it can give the information about the total mass change or the trend of mass change at the level of nanograms. So the combination between QCM and AFM (or STM) can resolve many problems from two aspects: microcosmic and macroscopic information. However, the combination requires that the quartz crystal wafer (QC) provides a suitable surface for AFM or STM imaging molecules or atoms, such as atom level surface. Unfortunately, the thin-films overlaid on both sides of QC are usually polycrystalline metal (such as Au, Pt, Ag) or semiconductor metal oxides (e.g., TiO2). These plates are so rough that the combination of QCM and AFM (or STM) is constrained. Thus, a special substrate for the combination is required. Wang et al.
Experimental

Apparatus and reagents
The QCM experiments were carried out by QCA-917 (SEIKO EG&G), which is connected with a 486 computer by a D/A, A/D transferring card (PCL-818HD, Taiwan, China). A 9-MHz AT-cut quartz wafer with Ag (area is 0.2 cm 2 ) evaporated on both sides, was purchased from No.707 Factory (Beijing). The RTV silicone rubber is commercial. A 20% RTV silica solution was prepared by using CHCl3 solvent.
AFM images were obtained by a nanoscope IIIa SPM controller (Digital Instruments, Santa Barbara, CA) in air and at room temperature (18±1˚C). The image size was 512 × 512 pixels. The scanning rate was 0.5 -1 Hz. A commercially available silicon nitride cantilever with a spring constant of 0.38 or 0.06 N m -1 was used. Pure water (distilled water) was obtained from the Millipore system. MnCl2 was of analytical reagent grade. The plasmid DNA pCAT (4364 bp) with 723 bp inserted into the Sal I site was a gift from Prof. Huang, supplied in 10 mM Tris, 1 mM EDTA. The plasmid was diluted to about 10 ng µl -1 in pure water.
Method of modifying quartz crystal by mica
The quartz wafer coated with Ag was sonicated with double distilled water and CHCl3 solvent until the frequency of quart crystal remained constant. Next, about 15 µl of RTV silica solution were dripped onto the surface of Ag electrode. The mica thin-film was adhered onto the surface of silver electrode of quartz crystal after about 5 min. Then the wafer was heated slowly to above 100˚C, and kept over 20 min. When the electrode had naturally cooled to room temperature, the quartz crystal modified by mica could be used for study.
Procedure of experiments
The stability of resonating of the mica-coated electrode of quartz wafer was measured in dry nitrogen atmosphere. In order to decrease the disturbance of O-ring in the cell, 15 the DNA adsorption onto the mica in solution was measured using the method of directly dropping the solution onto the surface of piezoelectric quartz crystal sensor. 16 First, 40 µl H2O were dropped onto the surface of mica-PQC. When the frequency is stable, 10 µl H2O (or 2 µl 100 mM MnCl2), 10 µl DNA were injected into the water respectively. Longer than 10 min are needed between successive injections.
Results and Discussion
Selection of the thickness of mica thin film
For QCM, the relationship between frequency shift ∆f upon added mass ∆m is based on the Sauerbrey equation. 17
where f0 (MHz) is the fundamental frequency of the quartz crystal, ρq is the density of the quartz (2.64 g cm -3 ), (µq is the shear modulus (2.947 × 10 11 dyne cm
) is the mass sensitive area. 18 Three prerequisites should be considered when using this equation: (1) the viscosity and density of solvent should remain constant; (2) the deposition is uniformly distributed onto the electrode surface; (3) ∆f/f0 < 10%.
In order to meet the conditions of Sauerbery equation, the thickness of adhering layers is important factor. In the previous work of our lab, 11 the thickness of the glued layers was calculated from Eqs. (1) and (2):
where d is the density, L is the thickness and A is the area which is equal to A in Eq. (1). The thickness equation can be described as follows: 11 ∆f/f0 = -2.6 × 10 6 f0 2 dL/f0
Here, f0 = 9 MHz and dmica = 2.6 -2.8 g cm -3 . In order to meet ∆f/f0 <10%, L should be not thicker than 16 µm. In the experiments, the thickness of the mica was controlled to be less than 12 µm by using the scanning electron microscope.
The stability of mica-PQC itself in air
The noise of frequency shift of the mica-PQC in air phase was investigated in pure dry nitrogen (figure not shown). The result displays that the frequency shift of mica-PQC was ±1 Hz per half an hour. So the mica-modified quartz crystal has a good stability in air phase. In these experiments, the base frequency of bare Ag quartz crystal (f0) was 8987336 ±1 Hz and the frequency of its mica-PQC (f0′) was 8968254 ±1 Hz. These results show that the mica-PQC can oscillate well.
The adsorption of DNA on the surface of mica-PQC
Using this kind of mica-modified quartz crystal wafer, we explored the feasibility for investigating molecule adsorption in situ. With the newly cleaved surface of mica-modified quartz wafer, the processes of DNA (pCAT) adsorption on mica surface were investigated. Figure 1 displays the frequency change corresponding to the adsorption of DNA onto the mica surface in solution without and with Mn 2+ . Curve A shows that the frequency has not changed much after injecting DNA samples without Mn 2+ . The reason is that there are lots of negative charges on a newly cleaved mica surface, and the surface of DNA also has negative charges in water solution. So it is difficult for DNA to be directly adsorbed on mica surface due to the electrostatic repulsion. 13, 14 Curve B displays the frequency decrease caused by the sample injections. In the first step, injection of Mn 2+ caused frequency to have a fast decrease. This frequency decrease is caused by two reasons: 1) Mn 2+ was adsorbed on the mica surface to establish a positive charge layer by electrostatic attraction; 2) ionic strength increased. In the next injection of DNA sample, ∆f also had a clearly decreasing trend. That is to say, the DNA adsorption clearly occurred. This verified the Mn 2+ mediator function during the DNA adsorption onto mica surface. Curve B also gives time from DNA sample injection to when DNA adsorption occurred: it is 8 min from double injection of DNA. This process indicates: DNA molecule first combined with many Mn 2+ in solution due to electrostatic attraction, which hindered the combination of DNA with Mn 2+ on the surface of mica. With the occurrence of molecule collisions, the Mn 2+ on DNA surface was substituted by the Mn 2+ adsorbed on mica surface. As a result, the DNA molecule was adsorbed on mica by Mn 2+ mediator (see Scheme 1). In Fig. 1B , the frequency decrease resulting from the first injection of DNA was 20 Hz and the result of the second injection was a decrease of 35 Hz. This phenomenon can be explained by the electrostatic repulsion. Because after the second injection of DNA sample, the DNA concentration in the solution was increased and the Mn 2+ concentration in solution was decreased, the number of Mn 2+ on the surface of DNA decreased. Thus, the DNA can easily adsorbed on the mica surface modified by Mn 2+ because of the lower value of the electrostatic repulsion. The DNA adsorption quantity is also increased.
Image of DNA (pCAT)
By AFM image it can be directly observed whether DNA was adsorbed on mica substrate. Figure 2A shows the AFM image of immobilizing DNA without Mn 2+ as mediator. We cannot observe any DNA molecules, which testified that DNA was not directly adsorbed on mica. The result is consistent with the QCM result without Mn 2+ , which shows that the frequency is almost constant with the addition of DNA into the solution. Figure 2B shows the image of DNA (pCAT). The DNA molecule was observed clearly after treating mica surface with divalent cation Mn 2+ . The dispersed molecules present single molecules with supercoiled aggregation.
The result demonstrates that Mn 2+ can be used as a cationic bridge to immobilize DNA on mica.
All of the above results mean that mica adhesive to Ag surface builds a "bridge" between QCM and AFM. In this work, the cooperation of QCM and AFM was created ex situ, and this gives a feasibility for the combination of QCM-AFM in situ.
On the other hand, the mica-modified PQC can steady oscillate, but now the linear relationship between the mass increase and the frequency decrease has not been established and the viscoelastic silicone layer may deteriorate the linear relationship. This problem will be studied in the next experiments.
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